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(AFOSR). The participants will learn to utilize a combination of laboratory and field

approaches to identifying physical, chemical, genetic, and physiological influences

that govern the accumul.ation-end biodegradation of po1ycyclJc aromatic hydrocarbons

(PAHs). These and related compunds are among the chemicals whose environmental fate

is of concern to the U.S. Air Force and other Department of Defense agencies. The

Principal Investigator and colleagues have conducted a prior, independent study that

has shown that, despite the presence of PAU metabolizing microorganisms, PAHs persist

at a site where freshwater sediments are fed by PAH-contamitated groundwater.

Hypotheses to be cested address fundamental mechanisms for the persistence of environ-

mental pollutants, these include: (1) the rate of delivery meets or exceeds the ,ate

of biodegradation; (2) The PAHs are not available to microbial popt!iaL.ions due to

rapid, hhort term sorption onto the sediment organic matter, or due to long term

,(aging) sorption into a spatially remote compArtment of the 7,icroporous structure of

sediment or anic matter, or due to complexation reactions with dicsolved organic car-
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The objectives of this AASERT grant are perhaps best appreciated by recalling statements in

the Abstract of the original proposal which appears below:

ABSTRACT: This proposal requests funds to further involve graduate students in
environmental research sponsored by the United States Air Force Office of Scientific Research
(AFOSR). The participants will learn to utilize a combination of laboratory and field approaches to
identifying physical, chemical, genetic, and physiological influences that govern the accumulation
and biodegradation of polycyclic aromatic hydrocarbons (PAHs). These and related compounds
are among the chemicals whose environmental fate is of concein to the U.S. Air Force and other
Department of Defense agencies. The Principal Investigator and colleagues have conducted a prior,
independent study that has shown that, despite the presence of PAHI metabolizing microorganisms,
PAHs persist at a site where freshwater sediments are fed by PAl-contaminated groundwater.
Hypotheses to be tested address fundamental mechanisms for the persistence of environmental
pollutants, these include: (1) the rate of delivery meets or exceeds the rate of biodegradation; (2)
the PAHs are not available to microbial populations due to rapid, short term sorption onto the
sediment organic matter, or due to long term (aging) sorption into a spatially remote compartment
of the microporous structure of sediment organic matter, or due to complexation reactions with
dissolved organic carbon, or due to the physical arrangement of the sediment matrix which
prevents contact between PAHs and microorganisms; (3) the microorganisms may be
physiologically limited by the presence of preferred metabolic substrates or toxic or inhibitory
substances, or by the lack of proper final electron acceptors, electron donors, or inorganic or
organic nutrients; and (4) PAl-s may persist simply due to restricted distribution and abundance of
biodegradation genes in naturally occurring microbial populations. By working in an iterative
man ....r bte f -el .... i. "sns .- and 'i.onpmlucl•e lahnrb-tnrv dejt'.rnmiatinns, this research project
will systematically test the above hypotheses and thus identify constraints on microbiological
processes that destroy PAis (naphthalene and phenanthrene). The graduate students participating
in this program will develop skills in microbiology, chemistry, hydrology, and environmental
engineering. This type of multidisciplinary training is essential for addressing pollution problems
confronting the Department of Defense.

Progress toward, the traning goals of the granthas been .made as follows:

James B.Herik a fifth year Ph.D. student with major in the field of microbiology, and

minor concentrations in genetics and biochemistry, has nearly completed his Ph.D. dissertation.

Owing to the travel stipend provided by the AASERT grant, J.B. Herrick has attended the national

American Society for Microbiology meeting in Las Vegas Nevada (May 1994) where he presented

his research to his peers. The Ph.D. research (ASM abstract entitled "Genetic and Taxonomic

Variation bi Naphthalene Catabolic Bacterial Populations Native to a Coal Tar Waste-Contaminated

Site") has utilized a combination of field and laboratory techniques to isolate and genetically

characteri7z naphthalene-degrading bacteria from several locations within our coal-tar contamii.ated

study area near Glen Falls, NY. Among the exciting aspects of J.B. Herrick's work are (1) DNA

coding for naphthalene metabolism has been directly extracted from sediments from the field study
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site (see Herrick er al., 1993 and Mor6 et al. 1994: attached) and (2) genetic exchange among

natural populations has been implicated because highly conserved nucleotide sequences of and

portions of the gene that encodes the first catabolic enzyme in the naphthalene biodegradation

pathway have been found to be distributed among a broad diversity of bacteria at our field study

site.

J.B. Herrick's educational and career goals have been well served by the support provided by

the AASERT program. Currently the laboratory research portion of J.B. Herrick's Ph.D.

dissertation is nearly complete. Therefore the major emphasis is on writing. He will depart fronm

Comell University and the AASE'F program in the Fall of 1994. Several post-doctoral positions

have already been offered to Dr. Herrick - among them are posts at USEPA, USGS, General

Electric, and Los Alamos National Laboratory. Dr. Herrick was also found to be the top candidate

in a nation-wide faculty search at George Mason University in Virginia. Disappointingly, however,

political and financial instabilities at that institution forced the termination of the position.

Karen G. Stuart has recently completed her first ycar of graduate training as an Environmental

Toxicology major at Comell. Prior to entering Cornell's graduate school program, Karen had

majored in Biochemistry at the University of Wisconsin (see ranscripts attached). Ms. Stuart had

also spent one year in Africa as a Peace Corps volunteer, and 1 year as a laboratory technician in

the Great Lakes Toxicology Research Laboratory at the State University of Ncw York at Buffalo.

The primary enmphasis in the early curriculum of a new graduate student is coursework. As is

evident from K.G. Stuart's summary of courses (attached) her academic: performance has been

excellent. In addition to attending classes during her first year of AASERT support, K.G. Stuart

has worked in the laboratory setting with Drs. Madsen, Ghiorse and several environmental

toxicology and microbiology graduate students. The projects K.G. Stuart has participated in have

exposed her to DNA hybridization, analytical chemistry and micioscopic techniques. These will

assist in defining the approaches and ideas that will eventually constitute research contributing

toward her Ph.D. degree. It is premature to define K.G. Stuart's Ph.D. research project - but it
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certainly will combine the concepts and tools of environmental toxicology, molecular

microbiology, analytical chemistry, with field work at our coal tar-contaminated study site.

During the first year of the AASERT grant entitled "Research Training for Understanding the

Fate of Environmental Pollutants", two graduate students, J.B. H-errick and K.G. Stuart have been

supported. J.B. Herrick, very near to the end of his graduate studies, with already two published

articles to his name, has assimilated a unique combination of disciplines (microbiology, molecular

biology, population genetics, field work, and microbial catabolism of environmental pollutants).

His strong performance in the market place [top candidate in a nationally conducted faculty search

at George Mason University, (with no postdoctoral training!)], attests primarily to Dr. Herrick's

own abilities, but also reflccts well on the education he has received at Cornell University. K.Go

Stuart has the same promise as J.B. Herrick, however, her scientific career is still at a stage of

early development.
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We report the amplification of bacterial genes from uninoculated surface and subsurface sediments by the
polynmerase chain reaction IPCR). PCR amplification of indigenous bacterial 16S ribosomal DNA genes was
unsuccessful when subsurface sediment containing approximately 10' cells g-' was added directly to a PCR
mixture. However. when 10 mg of sediment was inoculated with approximately 105 cells ofPseudomonas putida
G7, the iwhaAc naphthalene dioxygenase gene characteristic of the P. putida G7 NAH7 plasmid was detected by
PCR amplification. Southern blotting of the PCR amplification product improved sensitivity to i03 to 104 cells
from samples inoculated with P. putida G7, but controls with no sediment added showed that the P'R was
partially inhibited by the sediments. Lyv:ozyme-sodium dodecyl sulfate-freeze-thaw 1)NA extraction was
combined with gel electrophoretic partial purification in the presence of polyvinylpyrrolidone to render DNA
from indigenous bacteria in surface or subsurface sediment samples amplifiable by PCR using eubacterial 16S
ribosomal DNA primers. The naIh4c gene could also be amplified from indigenous bacteria by using
nah4c-specific primers when PCR conditions were modified by increasing Taq and primer concentrations.
Restriction digests of the na&4c amplificaeion products from surface and subsurface sediments revealed
polymorphism relative to P. putida G7. The procedures for DNA extraction, purification, and PCR
amplification described here demonstrate that the PCR is a potentially useful tool in studies of function- and
taxon-specific DNA from indigenous microbial communities in sediment and groundwater vnvironments.

Studies of the genetic composition and ecology of native Thus, the distribution and vatiation in genes encoding bio-
bacterial populations traditionally have been constrained by degradative and other microbial processes in natural envi-
their dependence on culture-based methods. It is an estab- ronments are poorly understood.
lished dictum of microbial ecology that the majority of the A number of studies have shown that molecular ap-
bacterial species in nearly all microbial communities are proaches such as nucleic acid hybridization can be success-
unculturable (3), although a few notable exceptions have fully applied it, an environmental context (17, 31); however,
been reported (7, 36). Environmental microbiologists have these approaches are subject to their own methodological
therefore begun to explore the use of molecular methods to limitations. The techniques employed in many of these
circumvent the bias of culture-dependtnt techniques. The cxperiments may be selective or lack the sensitivity required
analysis of extracted rRNA or ribosomal DNA (rDNA) has to detect and analyze the genes of interest. Polymerase chain
proven particularly fruitful for identifying bacteria in marine reaction (PCR) amplification of extracted DNA has been
baoe--il~a-tnkton (,1!, 34). trres-prriI•| hot spnring (37, 43, 45 . a Ib....r".... (1.,... s .... o ( . .. 4, sug,.ted a. one method for ovurrcoing these liittioini indand endosymbiotic associations 11). soils and sediments (32). Enzyme-dependent manipulations

In addition to taxonomic information, analysis of ex- of nucleic acids, such as PCR. are hampered by the presence
tracted nucleic acids can provide information about genetic in extracted DNA of inhibitory natural substances which
variation in microbial populations which carry out environ-ment lly imp rta t f nctons Fo ex mpl , u ing D N A m ay not be renmoved by standard D N A purification tech-mentally important functions. For example, using DNA niques (39, 41, 42). Nonetheless. PCR has beenq employed to
probes prepared from plasmid PJ4, which codes for 2,4- nqe 3,4,4) oehls.PRhsbe mlydtdetect Eschertchia coli (18, 41), a Frankia sp. (14), and adichlorophenoxyacetic acid metabolism, Holben et al. (15, genetically engineered Pseudomonas cepacta (38) intro-
16) found positive hybridization only with soil DNA ex- duced into soils anJ sediment-. Amplification of DNA se-
tracted from one of two sites containing 2,4-dichlorophe- duced ino indsde nts . poplation of DNA se-
noxyacetic acid mineralization activity. Also, Barkay et al. quences from indigenous bacterial populations, on the other
(6) demonstrated that four distinct probes for the mer operon hand, has proven to be much less tractable. Recently. PCR
hybridized to varying degrees with DNA extracted from amplification of electrophoreticaily purified 16S rONA se-
pond and river water. When Barkay et al. (5) examined DNA quences has been successful for indigenous soil bacteria
extracted from mercury -resistant isol..tes, they found that a (21); however, PCR amplification of catabolic genes present
mer operon DNA probe and a more specific merA probe did in native populations has not, to our knowledge, been
not hybridizt. with the DNA under high stringency. Yet the reported.
DNA of all of the isolates hybridized with tlie rnerA probe at The objectives of this study were (i) to develop methods
lcw stringency, indicating divergence of related sequences. for obtaining PCR-amplifiable DNA from indigenous micro-

bial populations in surface and subsurface sediments and (ii)
to apply the methodology to samples from a naphthalene-
contaminated field site to determine whether naphthalene

Corresponding author. degradation gene sequences similar to those encoded on the

687



r168 IIERRICK 11l AL. \ilL.N LNIRON. KlIK-)I0'iiot

TABLE 1. Dscsritiuon o1 samples used in this btudy

%linerallization
sample Sampling ticoleed Depth O~garuc N.,phithalene potentiil'

dcsinaton Dte oliciedCottendigainlocation li1n1 inditer" I 11W91 Naph- p ilydroxv-
thAlenec hCrizoate

Pristine P~ristine subsurface. vadose Zone Ap-il 1984 0.6 0I69 13 1) 1i) S2
Source Contaminated subsurface at source Julie 1990 ca. 4 ND 13.6 45 7(0

of coal tar. saturated zone
Upgtadient Containinated subsurface. 10 m September 1989 21.8 0.q3 B3D I q. 4Y

dowugradienit front coal tar
source. water table zone

Downgradient Contaminated subsurface. 130 nm St~ptember 1989 3.0 1.04 BID 30" 54'
downgradient from coal tar
source. water table zone

Seep Surface sediment in seep aieca within July 1991 01.1 Z0.6 7.0 55 50
contaminant plume, 4WX mn down-
gradient trom coal tar source

The percentagewo organic mattzr tor the seep sample was determined b., htgh-tempefiratiirc tgnintun till: the perccntagec. 01 organic malice for the other samples
were determined by the loss-on-ignition method (24). ND. not determinedi.

"^ The naphthaiene concentration was determined by gas chromatography or gas cenromatograr-hy -mass spectromerti. Source and seep data are from reiference
h, and all other data are irom reference 24. BD0. below detection.

.Cumulative percentage mintnralized at 20'C in tinplicate samples relative to potsoned controls. source .nd seep samples were tncubated for 1t) days: all other
samples were incubated for 14 days. The standard deviation for cacti value, as estitmated by using _k and 210 determinations. was 19" )i the mean.

" Data front reference 2.5.

well-characterized Pseudornonas punda NAH7 plasmtd ware package t9). In addition, the amino acid and DNA
were present in samples known to mineralize naphthalene. sequences of the toluene dioxygenase of P. ptaida F1 (50)

(Preliminary results were reported previously 1131.) were compared with those of the nahic gene. Two regions
exhibiting amino acid conservation between the homologous

MATERIALS AND METHODS arom atic dioxygcnases and identical nucleoitide sequences ter
the naphthalene dioxygenases were chosen as PCR primer

Site description. sampling, arnd miicrobiolopical character- locations. The sequence of PCR primer nahAci is 5'-G77,
ization. Subsurface samples were obtained from a coal tar TGCAGCTATCACGGCTGGGGCTTCGGC-3'. correspond-
waste-contaminated site locatcd in a forested sandy alluvium irig to nuclcotides 794 to 823 of the NClB 9816 sequence (19),
area in the northeastern United States. This site has been and the sequence of PCR printer rtah.Ac is 5'-TTrCGACAA
studied intensively (24-26). and buried sediments containing TGGCGTAGGTCCAGACCTCGGT-3'. corresponding to nu-
high concentrations of coal tar have recently been temoved clcotides 1495 to 1466. The sequence of (he internal oligonu-
(10). However, dlowngradient portions of the site remain cleotide probe nahAc2 is 5'-GC-rCGCGTGiGAGAGCflC
contaminated with soluble coal tar constituents. Approxi- CATGGC1TCATC-3'. corresponding to nu~ceotides 911 tn,
mately 400 m from the buried coal tar, contaminated ground- 940. PCR amplification (33) with primers nahAcl and nahAc3
water seeps from the side of a hilislope. Table 1 provides a tesults in a 701-bp product internal to the nahl4c gene (the
descriotion of thc samples employed in this studyv. Seep entire nuih~c gene is 1,349 hp long).
sediment samples wvere' taken with a flamed trowel frosm Tile construction olf oiigumcis for amnplificatnon of thew 16S
approximately 10 cm below the surtace of the litter layei. rRNA gene sequence was based upon regions conserved
Coring and aseptic subcoring methods for subsurface sam- among all known eubacteria. Sequences were as described
pies upgradient from the seep, as well as methods for plate by Wilson et al. (46). 3ur 5' p,-;iner. designaced 16SP-5,
counts, of viable bacteria and total microscopic acridinti corresponded to POmod. and our 3' primer. 16SP-3, corre-
orange direct counts of bacteria. have been described (7, 25. sponded to PC5 of Wilson et al. (46). In1 addition, sequences
26. 36). Conversion of "'C-labeled organic compounds to containing restriction sites for cloning were synthesized as
14C02 Was measured by standard methods (2, 23), modified part of the primers but were not used in this study (44). The
as previously described (25, 26). sequence of the 165 P-5 primer was 5'-ccgaattcgtcgacaacAG

Bacteria[ strain. P. purida G 7 was obtained from G. S. AG1TTTGATC'MTGG-3' (linkers containing restriction sites
Saylet (Center for Environmental Biotechnology, University for EcoRl and Sall are indicated in lowercase letters. NM
of Tennessee. Knoxville). denotes A or C). The sequence of 16SP-3 was 5'-cccgggatc

Primer and probe design. In P. piuada G7 containing the caagcttTACC`ITGTrACGA_1fT-3' (lowercase ietters indi.
NAH7 plasmd.4 the nah~c gene encodes the large subunit of eate restriction stte linkers for i-indIll, Bawnl-l, and Xrnal).
the iron-sulfur protein componen: or naphthalene dioxygen- These primers permit amplification of nearly the entire
ase, the initial enzyme in the naphthhalene catabolic pathway 1.5-kb 16S rl)NA sequence (44).
(35, 48). The positions of the 30-mer oligonucleotide PCR Direct PCR from sedimentl. P. puzida G7 w~is grown
primers (noted below as nahAci and nahAc3) and the overnight at 30'C in 5% PT"YG liquid medium (4), centri-
internal hybridization probe (noted below as nahAc2) were fuged, and resuspended in 15 mnM sodium phosphate buffer
selected on the basis of two nahAc sequences. one fiomt P. (pHi 7.0). and the suspension was held at room temperature
putida 07 (35) and one from P. purida NCIB 9816 (19). The for 2 h to denlete nutrient reserves. The cell suspension was
coding regions of these two DNA sequences were found to then centrifuged again and resuspended in distilled deionized
be 96% identical by using the GCG sequence analysis soft- water (ddH.0). The suspension was diluted as necessary
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withIi ddl 1.0 liefore addition to sediment. P'ortions I10 mc) I 1 cation ot tWIh'IC genies thatl nIIaV hve divergent base pair
nonstertle vadose -one sediment taken from the pristine \.equctices.
borehole IiTable 11 were inoculated with various conccntra- Southern hvibridization, [oi Southei n blottinta with 32P-
lions of P. purida G7 in 2 id of ddl 1.0. Control tuibes .ihclcd probe. DNA wits trairslelred after agaros el ~cl lc-
contained inoculated cells only (no scdintricit: Positive Con - I ophot isis to a nylon membrane ( Magna Griaph: MIS.
troll, sediment only. ot I'CR eavcitis oniv nickative con- W'eStbloiOULch. MASs.) and hybridized with the enid-labeled

tros). Inoculatcd samrples were incubated at roomn tempera- ilalAc2 ol igoniclcotidc probe hstnad procedures (301.
lure ior 30 min A 10-i)-i portion o! dotervent lvsis soiluion I I bridi.,.ation and washes were carriedi out under hieli-
(I" Tween M.. 5"t Triton X-100, 10 mM Tti--is-lI. 1 mM Nit- \trngcncv conditions. For autoradiograpliv. the blot:; were
['DIA Jp1 8.01) wits added. and then the tubecs were hecated exposed ito X-ray film at -70'C for 10 hi.
for 1A) min at 85'C. Then 88 id of PCR cocktail and 3 drops Nonradioisotopc digoxigemin labeling was also used for
of light mineral oil were added directly to the sample tubes- Souihern hybridization with the nahlic probe. P. punida G7

The hinal reaction conc-entrations wore 1iI f.0 or each primer. cells were transferred from colonies on a1 5% PTYG agar
501 i-M for each deoxvinucleoside triphosphate. and -5 UJ for plate into 5 ;,i of ddl 1.0 and microwaved twice for I min at
Tac1 polymtcrasc 0'romrcita Corp.. Madison. Wis.) in ii buller full power in at standard 700-W microwave oven (RCA) to

continie 5 mM ~l.11)mM Tis-CI pH 8tV) 1. mM IYse the cells. Diaoxigenin labeling was carried out by aI
NcI. Q 1.)1 boin 0eu ium.ad(15 we ~ modification ot thc method of Lanzio 12)) cel 20- t potion
Thc PCR was then carried out or 51) ecycls cosstn ol kl PCR cocktail was added to the distilled watrcl, vact

consisting Civ total cotleentrat ons of 0.5 fiM for nahAcl and nahAc3
1)4'C (I min). 55'C 12 mini. and 72'C (3 mini, with a 5-mm -

extesio at thelastcyce, ere primers. 35 piM for dicoxigenin-UUTIP (lBoehringer Mann-
720Cin ll apliicatonshcirnl. 0~5 it-N for dTTP. 1010 Ovt for dATP. dCTP. and

performed on a Hvbaid thermal cycler (Teddington. Middie- d~ n 15Ufriqplmrs ntePRhle

sex. United KingdomI. Amplilication products were electro- described -Above. A\ two-step PCR wats carried nut for 30)
phoresed in a I)07' aaarose eel aInd stained with ethidiumn cycles consisting kit 94'C (1 mini and o5'C (2 mini, with a

brmd bvsadrdtcnqes(0.3niin denaturation step at 94CC for the initial cycle and a
Extraction. purification. and PUR amplification of DNA. '-min extension at (t5)( in the last cycle. A 11)-fpApoition of

DNA was extracted from surface and subsurface samples by the reaction mixture wits electrophor-esed in 1%ý low-melting-
a modification of the method o1 Tsai and Olson t41)). Briefly. point agarose. thc sin~gle amplified probe band was excised.

I wtweight) yfec apewswse woo h~ n h rb ield watsquniedbdrctlicio
1i~si g 0 (wet soii eahosaph-le wastc washe two or three .idIcpoe-qatiidb ietdieit

times ~ ~ ~ ~ . .n 10 Msdu h.naebfe p 8)tadte ccOrding to the 1-anulacturer' i nstruction's ,Hueehrintger
incubated in lVSoZyme Solution 1151) mM NaCI. lot1) mMl Na2 Mannheim). The agarose-probe mixture was then heated at
EDTA IPHi 8.*0j. 15 mg of lysozyme per ml) at 370C for 2 Ii. 95'C for 10) nin to denature the piobe. The purified digoxy-
A sodium dodecyl sulfatec [SDS) solutien (100 mM NaCI. 51)0 genin-labeled probe was used in the standard hybridization
mM Tris-HCI IpH 8.01. 10r SDS) was added, and the procedure (30) after Southern transfer as described above.
reaction mixture was mixed well and incubated at room Labeled probe wa-s added to the hybridization so'ution at a
temperature for 5 min and then alternately frozen solid in concentration of 111mg 0f probe per mi of hybridization fluid.
liquid nitrogen and thawed in a 65'CAwater batn three times. Hybridization and post hvbridizat ion washes were carried
An ammonium acetate solution 17.5 M) wits added to achk-vc out under high--stringency conditions. and the bound probe
aI concentration of 2.5 M. and the lysate wats viitorouslv was detected by chemflunmiescent exposure (Lumi-Phos:,
vortexed and thcn centrifuged at 6,1(10 x q for 1t) mm. The 1.umigen. inc.. D)etroit. Mich.) of X-ray film for 1.5 min.
Supernatant was transferred to at new [itle and precipitated .mkCcordingito the maniufacturer's IBoebringer Mannheim)
wiih ethanol and 21) fig o1 glycogen (molecular grade: Iboehr- instiuctionsI.S
inger Mannheim, Indianapolis. Ind.) per mi. After di'ing. Restriction digestion of amplified na/iA. nahA4 sequences
the precipitate wats rcsuw.pendcd in 1II mM Tris-IICI-1 mM~ .mmnpliticd from extracted l)NA were ciectrophoresed in
EDTA (PH 7.6). normal-melting-temperature agarose (high stirength ana!yri-

The extracted DNA wats loaded min) a 1i)ý low-melting- cal mrade; Bio-Rad. Richniond. CalIif.), excised, and diluted
point agarose gel (SeaPlaque GTG. [MC. Rockland. Maine) 1:11) (sourcc sample) or I1:100 (seep) in ddll.O. and 5 ii was
for purificationi. The gel wits suppleme--nted with 2" polyvi- reamplified by us.ng a iwo-step PCR asý described above.
nylpyrrolidone (Sigma) to aid in the separation ol hunne The reamplihied products were purified in a Centrieon-100
compounds from nucleic acids P. )). Electrophoresis was mieroconeentrator (Amicon. Beverly. Mass.) by following
carried out in 1 x Tris-acctate--EDTA (311) at a constanit ihe manufacturer's specifications, digested with restriction
voltage of 5 V/cmn for 91) min at 4"C. The gel wats stained for endonticlease. atid eleetrophoresed iii ait 8% niondenaturing
30 mim in 1 x TAE containing 11.5 mLg of ethidium bromide per polyacrylamide gel.
ml. The resulting DNA band was located under U\1 i'llumi-
nation, excised from the gel, and melted ait 600C for 10. mmi. RESULTS AND DISCUSSION
and 110o5 fd was added directly to the PCR mixture or. in the
ease of the seep-extractcd DNA- aga rose. diluted (1:100() in PCR amplification of1'P. putida genes from inoculated sedi-
ddH-10 before addition to the PCR mixture. A band-sized ment. The primary objective of this investigation was to
ptece of the gel was also excised from an empty lane it develop a rapid and reliable method for PCR amrplification ot
approximately the same position as the extracted DNA for bacterial genes native to our study site. Therefore, our initial
use as a negative control. PCR was carried out as described experiments focused on amplification by PCR of 16S rDNA
above. but with primer concentrations of 0.,5 p.LM. for 301 cubacterial sequences iio the pristine sample (Table 1). At
cycles consisting of 94'C (5 min), 42'C (311 s), and 72'C (4 first, sediment was added directly te the PCR cocktail.
min), with a 5-mmn denaturation step at 94'C in the lirst cycle Eubacterial primers for 16S rDNA were chosen fo~r this
and a 5-mmn extension at 72'C in tire las~t cycle. The lo wer experniment because these sequences should he abundant in
(42*C) annealing temperature wats selected ito allow ampliffi- most Lubacterial communities (27). However, despite tire
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1IG. 1. 1CR atupliticattio rt M111,4iA t ront 1(3 ni ot pristinesedinien litnocula.ted av i decreasni iter (it 1 i '0! . putirw 67, and added ii rect lv
tI, the ICR rcactton coicktai!. .% EtA lIhIdIuI Lit Lin ijic -smtaied n!tanosr' v0 with anpipitlied p~rOductS loidLCd 1int0 tMO NCIS Ot Wc(s iii Tandern. IL1
Son thc rn N ot ot Le! shown iii painel A hyb'ridized witi ih (-ahc led uitterfil aIptim- inrrid ih,'c2, merc xposck i to inc re asc ,ensitivt itv. Lines: 1. 4..
-. 10. 13, Anid I(). no sedientcn: tlipc- , 23. 5. o, 8,9. 11. 12.1-4. 15. and 17. cedimewt mie~eni: iaitcs I iliiouoiiclt. 1-o , 10i'(1T. Lane% 4 tftroiiith

t,.1A x 10' ('EU: lanes i thirougth 9. 1.0 x 10L' (TU. Lancs 1i0 throti~iit 12. Ii .h Lx (11' : LancN 13 thiioiet 15, I -C , Lit' ('I-U:' 1,ite. Pt, and
17. no ceik niecative conitro ls) l:antes M . lanilbda / lotdilL- ' _ci (4 siz im'c e to I he ilLower brtoad bainid ittskinitc lanecs is tie sotca(lled pr fttUinter rc
artifact. Lie farve airrows indicate the location (it thc, 0.7-1,b amnplificationt product.

pre,~encc of 1.1 x 1t0' total bacteria per g at' i 2.03 x 1(1' th.n Cells aiddedL to tle sedimentI InI Out experiment. Thus.
culturabic liacitet a pci gt k25) anid sultsiantial 17-Iivdiroxvben- t hc extraction ot DNA fromritn enu cflis is ;i proi'aiLe
zoate mineralization activity tn this sediment O ndicatine the I intiniml tactor lot- the PCR. This conIcluSIon1 Call be drawn
presence of active microbial populations) (Tabkt 1). several only by assuming that the PCR amplification characteristics
attempts at direct PCR amplification of' indigtenous 16S of the 10S prime'rs were at least as sensitive its those of the
rDNA genes in the sediment were unsuccessful. Parameters ,zahIc primers. IThis is probably at conservative assumption
itt tOX PCR- protocol, such as thermal cyclitig times arid because o1 the multiple copy numbiler of 10S rRtNA gcnes Iin
tcl-rpc.itures. magnesium. Tail polymerase-. attd pr imer con- bacteria t27). It is also evident tin Fiv. 1 that the sediment
ccnrti~tnits. ivss ismthod. attd amount of sediment, were itself wats Inthibitor%' to the ICR. A strong hybridization
modified without success. Titese nevative results were not sivnal wats visible for the rzahlc amtplifid wtvthout sedinment
stirprisina it ligt o1 reports. by other workers ihat miaterials from 1.0 x 101~ cIU 0 Fiw. lB. laite 13), whereas filte
native to thte sediments, such as htittinli substaitees anid senrsitivity oL anmplifthationt Wtilti sed imenit was 2 to.1 roners (i1
at nera Ico nsticituet s. CotulId bttc ihib ito iv to bo th restrictiiott mttagnit ude less L li~. 111. lanec M . The itIthib it ion of thLe PC R
digestiont 0i9) aitd Toaj polynicrase amtplification (41) of ttav also have (teen caaised LwV ;IdSorptioit(01 released 1)NA
extraict D~NAX. tt0 organic tttalter or clay Iii the sedintetit. Presumably, aI

PCR atmplification was attempted after various numbers% of Compound which ntintcs thte binding properties of DNA Withi
washed whole P. purida G7 cells were mixed into tile pristine sedintent couild be added ito the sedimettt before the lvisis
sample. A 111-mt subsantple oh thec seeded ntixture Wsas step to anteliorate thil, problenm. The addition of salmon
added directlv to the PCR cocktail. aitd the naphithalene spermn DNA, htowever, did not increase sensitivity kdata riot
dioxvgcnase nahlc sequettce was amtplified directly, with- sliownl.

otcell or 1)NA removal or puritication (Fig. 1). I'lte nah~c Extitaction and pur-ification of' DNA. Otil the basis of ithe
product became vtsible when i.0 X 1W) CFU was w'oeulated ihbove results, it was apparent that DNA Iit the natitve
t11g. lA. laites 2 and 3). Souithern aitalysis of the PCR btacteria wits rendered less available tot amplification than
products with the riahAc2 jitternal olivo ntcleotide probe DNA from tile added cells. Thtus, nitithods for Improving
intcreased the sentsitivity to 10'1 to 1fL' CFU (Fig. L.B. lanes 5. 1)NA extraction aitd purification were iitvestigatco. Crude

iaitd 8). The PCR product was not observed Iin tite DNA was extraced by a mIodificaItion of the IVsozitte-S~S --
replicate conttaininig 1.6 x 1031 CTPU (Fig. lB. lanec 91. freeze-thaw protocol published by Tsai atid Olson l410) (see
sltowittg thtat variability existed in the saitpk--s at this level of Materials anid Meithods).
sensitivity. Ott a pet -grain basis. this degree cit sensitivity is A signifticaiti prttblcit with soil- antd scdintent-exaracted
comparable to gene probhing of inoculated, extracted, and I)NA. particularly if it is to be subjected to ettzmiatic
tinatnplilied total soil DNA (32)I. Our PCR scnisiivitv did riot treatitents such ats PUR or restriction divestion. has bceen its"
approach lthe 1-cell - - limit repor ted by. Steffan and Atlas aissociation W'ill inhibiting impurities, -such as humic comn-
(38). Hotwever. these authors used large tunirittulitted) soil pounds (39. 411. Recent success in purifying DNA fronm
samples artd laborious DNA extracticn and gradient ceittrif- Frankia-inoculated soil by agarose gel c~cctrophoresis (14)
ugatioti techtniques prior to PCR amplificatiotn. raised the puossibility that gel clectrophoresis could reitder

We conclude from these results that the ittdizenous cells the D.4A from nt digenous sedinment bacteria suitable foi
were in a differenit physical. Chltenital. lit plIVSiological ,title PCR nittplificatiitn. Electrophoresis presumnably strips off
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2 3 5 6 7 -aimpic I Fie. 2. !,ine oi. Withomt iNA separation by electiic-
p h'_rCN~s I", lt W D NA amnp IlIIica lt)ion was detecCted dat Ia not

Idw .1n a izccent study by Liesack unfld Stackeb)ranidi 1 2J
1eel eleettollhorcsis, 01 extracted DN A '% as also loundj it) lic
niecessary to pecrimit :ini ifihcatioii ti) 16S iDlN,\. Further

C xet rueItII our I lo 1iox IO'vd thia I VCR(nu ;I IC~jI;
tion ol ) OS iDNA wais also possibite alter partial ptifiiiaton
with a i'iep-a-6cnc D)NA purilication kit IBio Radi. H ow-
ever. th l~e clee'.ropho ctic ICscl at ion p1OCiUI &'ediedesci i bed.
,ibove was simpler and mnore icpruoucillic than Itie Prep-a-
Gene procddure.

PCR of extracted naIL4c DNA. I-le above prTocedureS to

I IG 2. A.-\9rosc we] electrophoresis oi 10S rDNA arnplitieautiou extracting. p-rtially puriv.',ne. and aniplilying loS rIJNA
products )biained ir on polycyclic aromnatic ltvdrocarbion-coitiant- were used lin initial attempts to anipfifv the rrualtc sequence
niated suriace and substirtace sediments. PCR w1'. carried out or Iron, l)NA in Source. Upgradient. downgvradient. anld seep
DNA which had heen exteacteo Irnm ascpticallv collecied eljd salmples. all of which exitiboed naphthalene mineralization
~aniples arid Partially putii ed by Lci eleerrophores~is as described in aenivity (Tble 1). When tile thermal cycle progranm de-

Ma~teria:ls and Methods. Lanes i. P. purida Gt' Lells inoculated irorn se Fdabove: tot direct st.dinieni 10 arioiallctron 41 il-1C
plate wositive control): lane 2. 1'. purida 017 D)NA extracted and tmiouae1'pilli(7clswt'uedapifain
purifed troiii whole cells by prOCedures used on sedimients tpositive Iro inouad ;I puria oj7 npcellsc wroducsedn kaci nnpltcaon-control): lane 3. source samiple. lane 4. seep %amnple: line 35. rsle nasero oseii loicsi ahnno
downeradient sariple: lane o. upgiradient sample: line 7. ptinfiiiation Io aeo a utlntroicsac ~aoegl c
"Cei on lv incetative coniroll. See lable 11 lto chanacet.-incs tii therefore. eniploved the same proit-tanl used succcsslull'.
salilples. with the loS rDNA pimiers. With this moidifieatioin. reliabile

and specific z~niplitiiatiur tit a ~itLlL fromn the source and see p
samples was aichieve~d ifVie. 3Ax. lanes 4 and 0). The identnvw
ot these naht.ls- Sequence-, wvas confirmned hV SOUlether fIt\-

biumic compounds which may be bound tighftly to nucleic hinridsation under high-strinvencv Coilditois tly us1 ing- the
acids and not easliy removed, even by gradient centrifuea- labe led nahvic geile fromn P. ptiridu (17 tiLie. 3B. lanes -4 and
tion and column purification techniques. Young (49)h has (0). Faint bands of aniplilied DNA from the rcmainin& two
recently shown that tile additien of nclyvynvltivirrnlidone to Subsurface samples tanning at approximattelv the same mo-
the agatose eel). which, is tiouelit to bind liunlic compounds. Iccular weight as rI"IL'lC were detectable on1 the ethidiurn
aids in the separation of .DNA from humi, coiiponents bromide-stained gel (Fig. 3A. lanes 5 and 7), and a longei-
during ele-ctrophoresis. exposuic (3 versus 1.5 nmin of thec Southern blot shown in

The Hilizer-Mvrold (14) protocol for clectrophoretic scpa- Fig. 3B -evealed weak. hybridizaition ot na/rAc to these bands
ration of DNA from humic contaminants originaily called for (~data not shown). However, additional attempts to amplify
eleerroelution of DNA from thie g,-l and subsequent phenol- the na/t~r genes to these samples did not give consistent
chloroform extraction 01 the elured DNA. However, given results. Despite the presene of naphthalene mineralization
the fact that tile PCR was robust enotigh to occur even in the activity in these samples. it is possible thlat the bacterri
prescrnce of unpurified sediment iFill. 1). it seemed likely responsible for naphthalene catabolism have dioxvg:'nase
that separation of the eleetrophoresed DNA from molecula .r genes which are divereent from the 1P. vurida 67 Lcene
"grade atiarose lietore the PCR was implemented would lie sequence. thus preventing amplification with the PCR prim-
unnecessarv. TlterelOre. thie etude DNA lysate was electro- er!: used. Alternitrivelv. thec genes responsible ior nlap!Illa-
phuretieally puritied in a low-meltini!-point izuaruse k~cl lene mineralization in these bacteria inay be onitirel'. utire-

Du lccro !a... at I tna"-l ila.se ne t n une'-- -
oit the extracted, unpurified DNA. brownish orvanic esintam- sequence on lthe railphthalene dioxygenase function or lit) tile
inants, visibly separated from the genomic DNA band Jdatta emlyet0 n lentv athwav for naphthalene en-
nlot shownj. This band was then excised, and .i nortion of the tabolism. In order to address some of tlhese questions. we
agarose-DNA mixture was added directly to ttie PCR tube have begun to isolate naphlitalene-mincralizing bacteria
without further extraction from the gel, from this site and to screen them for the presence o1

PCR of indigenous 16S rDNA. PCR amplification of ininit- amplifiable and unamplifiable nah genes and alternate path-
oculatcd 16S rDNA was successful when the DNA was ways for napilthalene mineralization.
extricted and purified by the methods describeLs above. Restriction analysis of amplified nahAc sequences. Restric-
Figure 2 shows the gel elterrophore~sis of 16S rDNA se- tion and sequence analyses of individual genes can be: useful
quences amplified from source. upgradient. downgradienit, in reconstructing relationships antong dhose genes atid the
and seep samples. T'hese jour samples all contained micro- bacteria possess5ing them 112. 28. 47). Hlowevcr. sensitivity
bial populations capable of mineralizing hot hp-bydroxvben- limitations may hamper the anIalysis 01f Specific. lOW-abu.n-
zoate ard naphthalene (Table 1). Thlecs samples were di- dance sequenees in a beterolovotis tiixture of extracted
verse lin their physical characteristics: two were sands' DNA. PCR can assist In overcoming such difficulties.
subsuiface sediments, one was a saturated zone sample In an initial analysis of the amiplified naiuh4c getnes. the
heavilv contaminated with polycyclic aromatic hydrocar- sequences were digested whith rcstriction endonucicases
bons, and one cotitained a higzh content of organic matter as known to cut P_ pundrz 67 (NAH7) naia/Ac. To increase the
well as polyevcelic aromatic hydrocatbon contatiinmants ITt- yield of amplified ria/iAI to.- restriction analysis. tite PCR
file 1). Signiticanlt 16S rDNA amplification was obtained product was clectrophoresed in arit agarose gel, excised, and
front the seep sample (lane 4). the source sample tlane 3), directly reamplilied iti thle agarose. Restriction digestions of
and the dowttgradient sample (lane 5). On~v very weak the reamplified ruihAc from the seep and source samples.
amplification was observed frtor the upgradient borehole compared with the restri, nt patterns of P. ;iurida G7. are
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FIG. 3. Amplification o1 the natLAC naphthalene catabolic gent: from native community bacterial DNA extracied and partially puritied by
gel electrophoresis from polvevetic aromatic hydrocarbon-contaminated surracc and subsurface sediment. iAi Eticidiumn bromiuce-sained
.'Harose eel. iB) Southern blot ot irel shown in panel A hybridized to dieoxigenin-laucled nafiAc probe corrcsponding to tne /01-bp P. punda
0' noli.c PCR liroduct. Lanes Ki. lambda Htidlll marker: lanes, 1. 1ý puuida 6i7 cells from plate ipositive control: lanes 21. reagent only
(nceatvic control : lanes 3. purincation ael only i negative control ; lines 4. so~urce!samrole: lancs 5. downeradient sample:: lanes fi. seep sampie:
laines 7. upgradient sample.

shown in Fig. 4. Hae~lil and Hinfl restriction patterns for the ot barophilic bacteria. Thus, one must be cautious in draw-
source rrai,4c (iFg. 4. lines 2 and 5) show thc same size inr conclusions based upon analysts ot mixed DNA se-
Iragments as tor PA puuida G7. with additional tragments :tlso kquences derived from PCR. However, the variation in the
visible. The presence o1 such fragments was presumably duc restriction patterns of extracted. amplified nahAc from thc
to added restriction sites (polvmrorphismi in one or more o1 source and seep samples (Fig. 4) demonstrates that success-
the sequences -mplified. The restriction piatter of the seep ful ampiificatie-n was ikui Sifspay an artifact (fir C:-ampi-c -
oiahAc sequences (lanes 3 and 6) was even more divergent cartyover of P. ptuida G7 ?1411.C PCR product). Also, the
from the pattern of P. putida 0" particularly at the Hinf! restriction digest results furthet confirm that bacteria with
sites, which were both missing. I here is no sequence vani- sequences similar to the NAH7 ntrhAc sequence are present
ation at these restriction t.ies in the two nahAc sequenres at the field site.
used to design the primers. Despite our conclusion-, about DNA sequences shared by

It should be recognized that thc PCR products obtained in P. putidr. G7 and bacterial community DNA at this study
this study probably represent a mixture of nahAc sequences site. there is evidcntly a good dtal of sequence variation in
amplifiedi from a number tit different bacterial strains. PCR the amplified products. Deviation from P. putida G-i in the
itsclf can bc a selective process. randomly and prssibly 1iWIAc rcstriction F'tterns suggests that. although there is
prelerentially amplifying particular sequences or sequence succi eunesmlrt iha the primer reCioLs lor
f amilies 1291. Also. Liesack ct al. (221 reported the assembly amrpfification and for hybridization with an tiahlAc gene

ol aspuiou hyridseqtene drin PC ofa mxedculure probe. there is notable sequence polymorphism within the
'.--nj en~cs i.trihiitd imong the bacteria at the field site.

This is particularly true (or the seep sample. It is also
M 1 2 3 M 4 5 b possible that there is sequence divergence in naphthalene

dioxygenase genes in populations at this field site which,
- because of the stringency of the PCR. was undetectable by

these methods.
Successful PCR amplilication of DNA from native micro-

bial populations in environmental samples requires a se-
qtience of events, including cell lysis. removal of the DNA
from soil or sediment. denaturation of double-stranded
DNA. annealing: of simile strands with primers. extension of
primed DNA fragments with DNA polymerase. and many
repeated cycles of denaturation. annealing, and extension.
Clearly. impairment of any step in this complex chain will
diminish yields. Little is known about the efficiency or

FIG. 4. Resittictior. endonuclease analysis of amplified. ind.ge- sensitivity of each of the above steps as they apply to the
notis nahAc sequences compared with the nahAc sequence from the i~hd ecie ee oevr ocnlsoscnb
NAH7 plasmid of P. puanda G7. Approximately equal amounts ot drawn about the abundance of amplifiable na/tAc-containing
DNA were loaded into all wells. Lane M. 123-bp size marker: lanes cells or strains relative to those naphthalene dlegrader-, not
I and 4. P. punda G7 r.alaAu. lanes 2 and 5. source-derived naihlc- possessing such sequences. However, this study has dem-
lanes 3 and 6. 5eep-derived nahAc: lanes I through 3. IHaelll onstrated that native 1.6S rDNA and nahAc sequences can be
digested: lanes .1 through b. UIn.tl digested. amplified from both surface and subsurface sediment sam-
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pIes and that ampiili;,.blc but dtverecnt naftlIL homojoes arc O)lsen. J. J. Kukor. V. 0. Biederbeck. A. E. Smith. and J. M.

lound in at least two regions o0 the field site. The subsequent liedje. 1992. Gene probe analvsis (t so•l microbial populations

analysis of PCR-arnplified DNA trom uncultured bacteria-- selected Inv ,mendment withl 2.5-dichloropnenoxyacetie acid.
whether restriction diestion. DNA sequencin.viron. crobl. 5394117. Hfolben. W. E., and I.M. liedje. 1988. Applications oi nuclei
enwise-will provide insights into the study ol bacterial acid hvbrdization in ric.-obial ecloirv. L'•i•ov 69:561-568.
populations native to sediments and other terrestrial habi- 1,. Josephson. K. L.. S. D. Pillai. J. Way, C. P. Ge'rba. and 1. L.
tots. Pepper. 1991. FeC1al colilorms in soil detected by polvmerase

chain reaction and DNA-DNA hybridizations. Soil Sci. Soc.
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This f-tudy reports improvements in two of the key steps. lisis ot indigenous cells and DNA purification.
required for achieving a rapid nonselectiv'e protocol for extractin? nucleic acids directly from sodium dodecyl
sulfate iSDS)-treated sediment rich in organic matter. Incorporation (it' bead-mill homogenization into the
l)NA extraction procedure doubled ihe dlensitometricall'v determined l)NA yield 411.8 jig of I)NA-g I dry
iveighti of'sediment - ) relative to incorporation ol three cycles of ree-.ing and thawing 15.2 ggof DNA- g ldrtýv
weighti of sediment-'). The improved I)NA #:xtraction elficiency was attributed to increased cell lysis.
measured by viable counts ot sediment microorganisms which showed that 2 and 8%r. respectively. survived the
head-mill homoeenization and freeze-thaw procedures. Corresponding- measurements of suspensions of viahie
Bacillus endospores demonstrated that 2 and 94%. ot' the initial number survived. Conventional, laser scanning
epilluorescence phase-contrast. and differential interference-contrast mlicroscopy res ealed that small coccoid
bacterial cells (1.2 to 0.3 Rm longi were left intact alter combined SDS and bead-mill homogenization of
*ediment samples. Estimates of' the residual tractioin of the fluorescentls' stained cell numbers indicated that
6% (2.2 X 10" cells -g [dry weightl of sediment - if oif the original population (3.8 X i109 cells* -~ gdrv weightl
of sediment - " remained after treatment with .SDS and bead-mill homogenization. Thus. lysis of total cells was
less efficient than that of cells which could be cultured. The extracted l)NA was used to successfully amiplify'
irahR. the regulator 'y gene for naphthalene catabolism in Pseudomonas putida G7. by PCRl. By scaling down the

mas o sa'dipnt Pxtrncted to 0_3 P. and by using 90A [urihecation and Spinl~ind DNA purification cartridges,
the time required to extract DNA from whole sediment samiples was reduced to 2 Ii.

Micerobial ecologists. svstcmaticists. and population geneti- vsas extracted from soil or sediment complc',clv. Nor have
cists have become incerasinalv intcrested in methods for criteria for complete extraction of DNA or RNA from native
complete. unbiased isolation of DNA (7. 9. 12. 16. 29. 30) and soil and sedimenL communities been cstablishea.
RNA (hi. 3. 11, 19. 34. 36) from soils and sediments because Procedures for lvsis of microbial cells in soils and sediments
socb procedures promise to make the genomes of' uncultured have relied on one or more of the followingv treatments:
indiugenous microorpanisms available for molecular :inalvsis. lvsozYme. heat. protcinase K. sodiumn dodecvl sulfate ISDS).
The ideal (12. 35. 36)) is to circumvent tie biases umnplicit nI 'ichromopeptidasc. hot phenlol. guanlidine tfiiocyanat c. pro-
ciilturc-bhised procedures by directly accessing the gcnes 01 nase. aeL'tone. Sairkosvl. E DIA. treeoze-thaw cvcle:;. freeze-boil
naturally occorrinia microbial communtlics. But achievinu this eci ces. son icationi. beaid -miil Itomiouen izatitn a. microwave fmcait.
ideal requires overeominea 3 iriety (t interterenes that i. and niortar mill arindinia. Ouram ui al. (20) reported that

dit111fildi 11lz ualtV yl~d.andu~l-,~siv o CL.acL. 'c0ntiuinuioni oi 'iDS i inul-ated at 70'C)' and býýadmmifll;icids. ~I hecse interferences raise questions about the complete- homogenization aciiieved a 90c1% lvsis efficiency for cells native
necss of nucleic acid extraction, and about the representative- to marine and freshwater sedimen'ts, as detertmind by micro-
necss of rrsults based on the procedures. scopic counts. Tsai and Olson 131 ) reported that an EDTA-

The p -polar direct lysis approach to DNA extraction and lvsozvmc treatment followed 1w three freeze-thaw cycles rc-
purification (24) may be dissected into the following concep- Ic'Iclsadd osdmn-ntonI~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~d stp:L)wsigtemteiltieoe - ue microscopic counts o1clsaddtosdmn n

tua stps:(i)wasingthematria toremvesoluble coinpo- subsoil samnles by 9i%. Similarly. Picard et al. (22) reported
nents that may impair manipulation of subsequently isolated that three sooleation microwave-thermal shock cycles achievedDNA, (di) disruption of cells in the material to release DNA or cmlt yi 1.icrm'essoe.Mr eety r n
RNA from the cells: (iii) separation of thle DNA or RNA from compnertoberI'v o7) using rmi~croscopics Motiet fcetwo. hcErband
solids: and (iv) isolation and purification of the released DNA anrDhe(7,ui!Mcospccutsftwbcei[
or RNA so that it can beý used in various molecular procedures strains added to sterile sedimnents. concluded that six SDS.

(i~.. CR.digstin h retrctin ezyms. iviiriizaio freeze-thaw treatments led to 9Y'%' lvsis efliciencv. While all of~i~e. ICR.digstin b retritio enyme, hbriizaion these reports were based (in microscopic obseiva~tions. descrip-
reactions, or sequenicir:Lgh. A variety of methods intearatmnve tosu u~vLcl icdsrbto n opooyhv
most or all of these steps have been published (7- 12. 20. 22. 28. fbafsnvig-elsz itiuio n opoo~hvy. et to be presented. [amihcrmoire. general criteria for lvsis29. 3 1). yet, no study has demonstrated thak the DNA or RNA ~iinvo iroenssntv osdmnshv e ob

established. In this record. several investigtators (7. 22. 31 ) have
- Coresondng uthr. ailng ddrss:Sccion04 iemioles. made the questionab~le assumption that test nlicroorizaristris

a. dded to sediments. were valid surrovates for native cells.110) Winz Hall. Coincll Uiiivctsiiv. Ithaca. NY 14853. t'lionc: 4(i107) Thrainl rtesetalytpocdeisla:
255-30)80. Fax: m0U7) 255-39))4. Electronic maiul address: eliim3( (or-
necl ledai. complete disýruption of cellular structure and release Of nIucleic

Nscso aiddress: Escula Superior de tliotccnuloemia. 4'010 Port.) acids is the objective. A goal o)f our research was to better
Portgal.understand the eflectiveniess of cell lysis procedures by deter-
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minre their etlccts on the diverse assnciblhic ot cells in native trum a culture (it tacillus suhulrs CU I1lth5 (Section or Micro-
microbial communities. In this investgation. we compared the hiologv. 2orncll University) bv culturlnL the bacterium on 51,ý
cilfcts of two ot the most widely used physical lysis procedures. PTYG agar niediurn (Lt. 5) and a'lowing vxtensive tapproxi-
c,'cles of freezin_ and thawing and bead-mill homogenization. maatelv -0t) days) dcsiccation to occur at 22"C. The spores were
on DNA yield and viable-cell plate counts. Total counts and harvested by flooding the plate with the phosphate buffer.
microscopic observations of acridine orange-stained samples Microscopic examination showed that ltll0"- ot the Bacillus
were also used as cntcria tor lvsis cifectivcness. Finolmlv. xc cells in the s;_ipension had sporulated. Each tubc received 0.25
simplified the protocol for extraction and purification ot DNA ml of the 10'¼ SI)S-1 ris-NaCI solution. The SDS-containing
irom the sediment. 4uspensions ot the spores or sediment were then subjected to

two diftercnt iysis procedures. hit the Ircezc-thaw procedure.
MATERIALS AND METHODS samples were japidly frozen by immersion in liquid nitrogen (2

min) and then thawed in a 65'C water bath (.5 min); this
Sediment samples. Sediment samples were obtained asepti- freeze-thaw cycle was carried out three times. The bead-mill

callv from a coal tar-contaminated site near South Glens Fa!ls. homogeni.-ýtion procedure was carried out tor 5 min as
New York. Sample characteristics and other details of the site described abo-,c. with or without beads added. In this case. lysis
have been described previously ( 12. 17. 18). Approximately 35 efliciency was evaluated by triplicate viable-cell plate counts on
years ago. coal tar was buried in a singie depositional event. 5% PTYG agar medium and microscopically as described
arnd since that time. groundwater flow has distributed soluble helow. Tile results were confirmed in three separate expert-
coal tar constituents in a narrow contaminant plume through ments. though data from only one are reported here.
sandv sl|bsurface sediments. The contaminated water, which Microscopic evaluation of cell lysis. Intact sediment samples
contains naphthalene and phenanthrene. emerges in an or- or samples treated with SDS and subjected to the lysis proce-
ganic matter-rich seep area at the foot of a hill slope. 401) m dures were stained with 0.01% acridine orange and examined
down-gradient trom the original coal tar deposit. The methods with either a Zeiss Standard 18 microscope under phase-
described here primarily utilized the seep sediment. in which contrast and epitluorescence viewing or a Zeiss laser scanning
organic matter content was approximately 20% and the water microscope (model LSN4-10) equipped for tluorescence, phase.
content was approximately 50%7, (12). Other sandier sediments and differential interterence contrast imaging under 488-nm
(approximately 1% organic matter and 20% water) were also light from an argon laser. The LSM-10 is configured such that
used in this study: these subsurface sediments, designated a single field of view can be examined by conventional trans-
"*source." "upgradient." and "'downgradient." were obtained mitted and epitluorescence illumination or by comparable
from boreholes at the field site along a midline transect of the laser-scanning illumination. Both microscopes are fitted with
plume of groundwatcr contaminants (17. 18). In samples trom x i0c) oil innniiciiu, o,,j.ctiv, lcncs with numerical aperuLrs
source. upgradient. and downgradient locations, the concen- ol 1.3 or 1.4. An. acridine orange direct count (AODC)
trations of polveyclic aromatic compounds. especially naphtha- agar-smear procedure (5. 10) was used to assess the extent of
lene and phenanthiene. gradually diminished. Storage of seep lysis of the endospores and enumerate the total number of cells
and subsurface samples (in presterilized screw-cap glass jars) in the sediment. The computerized imaging and analysis
was at 4'C for periods up to I and 3 years, respectively. Any systems of the LSM-10 were used to document the size
changes in microbial populations that may have occurred distribution of microbial cells surviving the various lytic pro-
during stowage were immaterial for the purposes of this cedures. In enumerating cells in the sediment prior to irimle-
investigation. menting lvsis procedures. the average count and standard

Cell lysis. The following general lysis protocol was used in all deviation were computed from duplicate smears prepared
experiments. Equal weights (either 0.25 or 0.5 g) of wet fIrom three independent subsamples of the sediment as de-
sediment and phosphate buffer (100 mM, pH 8 (231) were scribed previously (5). In lysis experiments, the same general
added sequentially to 2-mI screw-cap polypropylene microcen- procedure was followed, except that only one smear from each
tilauge tub-s (Laburatorv, Products S:tles. Inc., Rochester. samnle was examined. In one instance, the number of surviving
N.Y.) cottaining 2.5 g of 0.l-mm-diameter zirconia/silica cells was estimated from a wet mount of a known volume ot
beads (BioSpec Products, Bartlesville. Okla.) previously ster- sample under a 22-mm2 coverslip.
ilized by autoclaving for 50 min at 120°C and 15 lb/in 2. Next. DNA purification. The supernatant from the lysis treatment
0.25 ml of a 10% SDS solution (SDS-Tris-NaCI: 100 mM (150 to 250 ý1.) was mixed 5:2 with a volume of 7.5 M
NaCI-500 nM Tris. p11 8-10% SDS) was added; the final ammonium acetate, and a precipitate was aliowed to form for
concentration of SDS was approximately 4%. Each tube was 5 min at 4VC. Then. the tube was spun for 3 min at 12,000 x
shaken at high speed for 5 or 10 min in a bead-mill homoge- g and 150 l.1 of the supernatant was concentrated and partially
nizing unit (BioSpec Mini-Bead Beater). The selection of bead purified with a SpinBind DNA extraction cartridge (FMC
size and the proportion of beads to cell suspension were BioProducts. Rockland. Maine). In a SpinBind cartridge, the
determined by following guidelines for disrupting bacterial DNA binds to a microporous silica membrane in the presence
cells provided by the manufacturer. The tubes were removed of chautropic salts- after washing, the DNA can be elated with
front tite bead-mill and centrifuged for 3 nain at 12.000 X g. water- he units were used according to the manufacturer's

'To compare the lysis efficiency of the bead-mill homogeni- instructions. except that an EDTA-free ethanol wash buffer
zation and freeze-thaw procedures. the sediment was mixed by was employed and the DNA was eluted with 30 [d1 of warmn
adding 3 g of sediment to 3 ml of phosphate buffer in a 15-mI (60"C) deionized water. The eluted DNA was loaded onto a
plastic centrifuge tube and mixing for 2 min on a vortex mixer: 1% agarose gel containing 0.3 l'g (-f ethidium bromide • ml -
0.5 ml of the mixed suspension (equivalent to 0.25 g of and subjected to electrophoresis (4 V/cm) for 20 min in
sediment) was immediately distributed to the 2-ml microcen- Tris-acetate-EDTA (TAE) buffer according to a standard
trifuge tubes with and without prior addition of 0.1-mm beads protocol (3). The resulting DNA bands were cut out of the gel
as described above. A 0.5-ml suspension ot Bacillus endotpores and purified with a SpinBind cartridge according to the
in the phosphate buffer was also added to microcentrifuge manufacturer's instructions for extraction from an agarose gel.
tubes with and without beads. Endospores were harvested Quantification of DNA. The concentration of DNA after the
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TABLE 1. Effect o1 treeze-thaw treatment and bead-mill honioecnizarion on survival of culturable sediment oiactcria and B3acdlus endospores

Sample Treatmen' CFU ( -mND) - Viabhot.1 Coll
S r l Suri% al ratio (1 '

Sediicnt None I o( -+0.2) • 10 11 1.3

SDS + Ireeze-thaw 7.1 ( :t 1.5) "I- (-.!2
SDS + 5-mm bead-mill" 1.5( ±o.2• I" 10 '.0!4

Endospores None L.S I ) • 10' Io(11 ND'
SDS + trcezc-thaw 1.7 ± + 0.31 li" ,o' ND
SDS + 5--mi bead-mill 3.5 = 4)l.5) Ill" ND

"See Materials and Methods.
"CFU ior sediment computed per gram drv weight: CFU for endosPores computed per milliliter.Also see Table 2: AODC of untreated sample = 3,1 ( -_o.3) x lf' cells - gdw '
When beads were omitted from the homogenizatmon procedure. the po-tl.vsis Cl-ti count was o.5 t 1.01 - 10" (5,5% sur'.%al.
.ND. not determined.

final purification step was measured by densitometry as tol- RESLLTS
lows: 3.0 -I ot each sample and 4- 2. 1. and 0.5 0±l of Lambda One indication of the effectiveness of cell lvsis procedures is
DNA standards (Promega. Madison. Wis.) cut with /indIll cell viability. Therefore. we measured the change in viable
(New England Biolabs, Beverly. Mass.) were electrophoresed bacteria (CFU) betore and after bead-mill homogenization
on a 1% agarose gel in TAE running buffer as described above, and freeze-thawine as an indicator of the extent ot lysis. The
The Fel was photographed und;er a Spectroline 302-nm UV data in Table I show that the bead-mill homogenization 121-
transilt.,inator (model TR-302) as previously described (37). survival) was more efl'cctive than freeze-thawir,( 8% survt-al)
A negative image of the gel was produced with a Polaroid MP4 in reducing CFU of SDS-treated sediment bactero,. The CFU
Land camera using Polaroid type 55 film. Bands on the data only accounted for 0.3 to 0.004% of the total microscopic
negative were scanned with a laser densitometer (Helena counts (Table l): therefore. the survival of bacteria .. fter the
LabuuioLof,,. 'u.ul., 'aex. . and th, ,-NA was. quantified by t, cell . .sis proredurrs wasi aiso rested with endospnies oi B.
interpolation from a calibration curve prepared from the subtifls. Because of their resistance to physical distuptiui.
densities of Lambda-HindlII-cut DNA standards. endospores can serve as a model for other resistant microbial

PCR amplification of extracted DNA. The suitability of the structures. The ineffectiveness of the freeze-thaw procedure in
isolated DNA to undergo enzymatic amplification reactions reducing the viability of a suspension of B. subtilis endospores
was tested by a nested PCR piotocol (15. 27), using primers for was striking (94% survival [Table 1]) relative to the bead-mill
nahR. the regulatory gene in the naphthalene catabolism gene homogenization, after which 2% of endospores remained
cluster encoded on the NAH7 plasmid of Pseudomonas putida viable. Lack of viability corresponded to the physical disrup-
G7 (39). The outer primer sequences were 5'AA1--FGCGT tion of cell walls after bead-mill homogenization (Fig. 1).
GACC-GGATITAA3' and 5'CGCCGCCGGCTCGGCTG Phase-contrast microscopy showed that tile phase-dense. re-

GTGT3'. corresponding to nucleotides 152 to 172 and 1244 to fractile spores were completely ruptured after bead-mill ho-

1224 (39) of the nahR gene. The inner primer sequences were mogenization (Fig. 1). The usual bright green fluorescence
5'GCCGCGCATCTGGCCGAGCCCGTCAC'1'CGG3' and characteristic of DNA stained with acridine orange was miss-
C 'fT M A (.1" A "-r f -i-.,-r A A Cc.rJ-Gr AA Tr.'V ing in the ruptured spores and. therefore, had been released
corresponding to nucleotides 343 to 373 and 1200 to 1170 of into the solution.thesne. the nulel otdutewas 828 t p lo3ang Reagents and0 Of To further confirm that the reduced viability (Table I ) andthie gene. The final product was 828 bp long. Reagents and rutedeis(g.1wreniaivofaetaellr

condtios fr crryig ot te PR wre a prvioslyde- ruptured cells (Fig. 1) were indicative of an extracellularconditions for carrying out the PeR were as previously de- release of DNA. we measured the yield of DNA from 0.5 g ofscribed (12). except that the inner and outer reactions were sediment extracted and purified by several variations of the
prepared under 'hot-start" conditions, with the deoxynucleo- above lysis procedures: 10-min bead-mill homogenization as
side triphosphates added after the tubes were heated to 80'C. described above: three freeze-thaw cvcles; or 5 min of bead-
The outer reaction mixture included 2 pfl of SpinBind-purified mill homogenization followed by three freeze-thaw cycles and
sample and was cycled I time at 95°C for 5 min: 5 times at 94 0C then another 5 min of bead-mili homogenization. Initial qual-
for 2 min. 65'C for 1 min, and 72°C for I min: 25 times at 95°C itative examination of the yields from these three lysis methods
for 30 s. 65°C for 30 s. and 72°C for 30 s: and I time at 72'C for was accomplished via 1% agarose gel electrophoresis (data not
5 min. For the inner amplification which followed. 5 p.l of shown). On the basis of the fluorescence of intercalated
solution produced from the outer reaction mixture was used as ethidium bromide, there was no clear visual difference between
template. Tubes were cycled 30 times at 95°C for 30 s and 70'C the two treatments that utilized bead-mill homogenization.
for 1 min and 1 time at 72°C for 5 min. The PCR products were This suggested that bead-mill homogenization. alone, was as
detected by agarose gel electrophoresis in 1% agarose gels as effective as a combination of f.eeze-thaw treatment and bead-
described above. P. putida G7. used as a positive control in the mill homogenization in releasing DNA. In contrast, the inten-
PCR assay. was originally obtained from G. S. Sayler (Univer- sity of the DNA band resulting from the freeze-thaw treatment
sity of Tennessee) and was grown at 30'C in 5% PTYG as alone was dimmest, thus corroborating the lower lysis ctli-
previously described (12). Negative controls in the PCR assay ciency of this treatment relative to bead-mill homogenization
were done with reagent only (i.e., no added DNA) and a blank (Table 1). The DNA from all three lysis preparation- was then
derived from a peripheral piece of the DNA purification gel concentrated with a SpinBind cartridge, employed in this study
that was taken through purification and amplification pyoce- to improve DNA recovery over ethanol precipitation-DNA
dures. resuspension procedures used earlier (12). A portion of each
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I 1G. 1. Phase-contrast micrographs of B. stibuiit spores before (A) andI after (1) bead mill homogenization. Dimensions in tne upper righthand
corner ot each micrograph denote the tlis~ance between the crosses marking the ends of cells.

concentrated DNA preparation wits next electrophoretically isms to lvtic proucdurcs. B~ecause the data in Table 1 and the
purified on a 1% aga~rose gel. Each DNA band was excised above DNA vicids clearly de~monstrated that freeze-thawing
from the gel, processed a second time with thc SpinBind was a less etlx~tive cell lvsis method than bead-mill homoge-
cartridge, and visualized on an agafosc gcl, and tmen a negative nization procedures. onlv the lauej and several variations
imiage o1 each band was scanned with a laser denisitometer to (aimed at discerning the role of SDS in the procedure) were
quantify the DNA. Yields from the bead-mill homogenization investigated. Table 2 reports the total bacterial numbers
(alone), freeze-thaw treatment (alone), and the two lysis (AODC). approximate size distribution. and mor-7hoiogical
treatments combined were 11.8. 5.2. and 11.0) mg ot DNA'- g diversity of microorganisms in sediments before and -c~r SUS
(dry weigh)ov eiet-' epciey hs reeta treatment, bead-miill homogenization, or both trca'mns
treatment. alotie. released one-half as much DNA as from the Prior to lysis. the sediment sample contained a rich and varied
two bead-mill homogenization tieatments. whose DNA yields collection (if both eukarvotic and prokamr'utic cells which
were virtually indistinguishable, spanned a wide range of cell sizes (T able 2). In general. the

Microscopic examination of the sediment provided an addi- various size I ractions diminished as the severity of lytic proce-
tional means of assessing the response of native nhieroorgan- dures increased. The key observation shown in Table 2 is that
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TABLE 2. Effect ht bead-mill homogenization and SDS treatment on total bacterial numbers. bacit rial size distrihutton.
ard morphoiogical diversity in sediment

Tcatmeni AODC A.DC Apprux size Mitphuloeical
SD) ' gdw t emam tn , IV rlngie" ji.Ul) dlversits

Untreated 3.S (t 0+.3) - 1t0` 11DO > 1lG-4).3 I
5-mm head-mill 1.9 t "0.5) • 10" 40 2.040.3 I11
Ill-min bacd-mn ll I.)( ±00.2) .0", 2o 2.10-40.3 II1
SDS -9 (t 0.,) • to' 13 5.0)-103 I1
bDS + I0-min bead-mill 2.2 ( t 1.6) • :0" 0 1.2-41.3 III

"Sec Materials and Methods: note that the SDS reagent was included in the bead-mill homoecrizauon procedure rcp,,ried In lbhlc I.
"gdw. grams .dry weight) ot ,edimenr.

SIze range and morphological diversity ot fluorescent cells in at least 15 microscopic licids ubsmevd during AOD(" counting by conventional and laser scanning
clitiluorescence phase-contrast and ditferentre l itertercnce-contrast microscopy. 1. large anti small filaments. rod%. cocci. sarcina-like clusters ot microctlontcs. I|.
",arcina-lik clusters and smill cocid cells only. Ill. small coccoid cells only.

' A tactor o1 3)80 areater than the untreated sample CFU described in Titble I.
T"ie AODC of this sample was estimated by dcterminm$ the number of green filuorescent cells per x 1.t000 eld ot 1l pVI o a 1:8 diluted sample containing acridine

orange spread under a 22-riam coseeslip.
' A factor at 1.467 greater than the SDS- and bead-mill-troatcd CFU described in Table 1.

zrpproximately 6% [2.2 (1.6 lX I" cells -g (dry weight) of Prior work has shown that sediment samples from a variety
sediment 'I of the baicteria. mostly small coccoid cells in the of locations in our coal tar-contaminated field site contain
sediment. were unatfected bv the most severe treatment. genes honmoogous to nahLA (12) ilnd ntahR (27). Using the
bead-mill homogenization in the presence of SDS. The small DNA isolation and purification protocol described here. we
cells which resisted lysis were observed by laser scanning repeatedly examined the quality of the DNA so obtained.
cpifluoresccnce microscopy (Fig. 2). It is important to note Figure 3 shows the PCR products that resulted from four
that tfie cptfluorescence images are produced electronically in different sediment samples from our study site. Because PCR
black and white by using a green analyzer filter and photomul- is sensitive both to concentrations of inhibitory substances and
tiplier detector. Therefore. the degree of brightness of an to the concentration of target DNA sequences. we amplified

. ogrennure- sr~iy t~ rteitld cI.Li~- tim.tm .pitim-.i utt •i ,
object in these images was directly related to green fiuores- direny a'tel lt; .... ' elttioa lfom the uniit Unit

cence. It is also important to note that the ratio of viable to lanes 1.3, 5, and 7) and after a 10-fold dilution (Fig. 3. !anes 2.
total counts (CFUI/AODC) of the original sample was 0.3% 4, 6, atid 8). The DNAs extracted from seep sediment (used to
before treatment (Table 1). After treatment with SDS and 10 develop the protocols described in this study (Fig. 3. lanes I
rmin of bead-mill homogenization. the CFU/AODC ratio was and 2]) and source sediment (Fig. 3, lanes 7 and 8) were
0.07% (inverse of factor in footnotef of Table 2). "Thus, the net susceptible to PCR amplification of the nahR gene. regardless
effect of these combined treatments was to lyse tne larger cells of dilution. However. DNA preparations from the other
that were more likely than the small cells to grow on the plate sediment samples displayed differing responses to dilution.
count medium. nahR was not amplified from the diluted upgradient sediment

PCR amplification of sediment-derived DNA. li addition tL DNA (Fig. 3, lane 4)-possibly indicating a low titer o" target
examining the efficacy of cell lysis procedures. this study also DNA. In contrast, the DNA preparation from the downgradi-
pursued the goal of achieving a rapid overall procedure for cnt sediment yielded a relatively weak amplification band in
extracting and purifying DNA from sediment. By scaling down the undiluted sample Fig. 3. lane i)-possibly indicati ng that
the total amount of sediment nrocessed. from 1 ( 12) to 0.25 or the electrophoresis and SpinBirnd purification steps failed to
0.5 g. we were able to perform all of the ibove procedures in completely remove substances inhibitory to the PCR. As an
microcentrifuge tubes. This. in combination with utilization of additional negative control treatment in the experiment whose
SpinBind units. shortened the total processing time, from results are shown in Fig. 3, a piece of the purification gel from
crude sediment to purified DNA. to approximately 2 h. outside tile DNA bands was carried through the PCR proce-

Many reports have shown that soil and sediments contain dure and failed to yield the amplified product (data not
humic or other substances that may remain associated with shown). When additional subsamples of the sediments used
extracted DNA, thus preventing its subsequent analysis (13. 29. (Fig. 3) were repeatedly carried through the DNA extraction.
33). To determine if the DNA yielded front sediment samples purification, and PCR procedures. amplification of the nahR
was pure enough to allow subsequent molecular analysis, we genes was not always consistent. This inconsistency was noted
performed a variety of tests. The first was designed to ascertain previously in the amplification of nahAc from the upgradient
the effectiveness of gel electrophoresis in DNA purification. A and downgradient samples (12). The reason for this variability
l-lRi volume contaiiting 45 P. putida G7 cells (determined by is uncertain, but the variation may have been caused by
plate counts) was added to the PCR mixture along with 2. pI. of heterogeneity inherent in the physical. chemical. and microbi-
sediment-derived DNA that had twice been passed through the ological characteristics of field site-derived sediments.
SpinBind cartridges, with and without gel electrophoretic
purification in between (the particular sediment subsantpie DISCUSSION
used here lacked amplifiable nahR). After completion of the
nested PCR procedure on both preparations, nahR was ampli- This report has articulated the role of cell lvsts as the first in
fled from P. putida G7 cells only with the electrophoretic a series of procedures requiied for achieving efficient. nonse-
purification (data not shown). Thus. we confirmed our previ- lective access to the genes in naturallb occurring sediment
ous results (12) indicating that the sediment contained PCR- microbial communities. But. perhaps nmore importantly, we
inhibitory substances whose removal required a gel-electro- have presented criteria for evaluating the effectiveness of the
phoretic purification step. lysis step. These criteria were lmss of cell viability, total DNA
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xxýV ascombIned Miththe11 Cxl ractIonI protico i desertibed here

II 1.8' p..ig .- 'dn' xxctn%%lgt ot sedjimneti ' epre'seurs o"; of the
I') ILI- Of tottli thteoreticail DNA. M~any ot the assumptionls

C01 i17 t1 1tbu tneIo thlis elli ide ics figunre ilc tniiccii a it: none itl Itlss.
ithis estinietd \ield I, reasonaibly hiebi. it is, pcrnatps remarkablv

lIn~ Iiill~i 01 the tact t1111tatCI mu1 otC tiet)N \ 110111 cells 1_' ito
ii3 jtin Inl iC111:1i \W;Is Ioto rcictscd I tt :" i 2) t'Id 11t;11 thle steps
stibseqUteir to cc!!lv iYs tespeetallv separation (it the DNA from

I-1(j.. A\ mptttic.atIOn Of ,iiilR Tfrom tour ,edirlmont samlelIs \\ it sediment particles) wvere toit caret ul Iv scruitin ized. OnI Iv a tier
nes~ted pi mci ('CR. Fo r la ne-, . .. 5. and 7. a c onetra~tedtc stepi ha~s been hborooehlV eXamflined and optimized can
s';1itnpte was used ais a te~tptate for PCR iiphticatiun ' and tor klanes DNA extraction biases be redu'ced and cthiciencv be increased.

(i .ind 8, a 2-utl i:101 dilution 01 the samei samiples was used. Lines: Itshould lie noted that even it an extraction efiiciencv of 99.91
and 2. seep sediment: 3 and 4. upgradient scdtmcnt: ' 5iand (1.

di wrigrau iet i ed imnitn 7 and S. source sedinient: ,, positive con trot xx ert! achieved. withlo" II cellIs per L!thisi wouli Id still leave II"
(part ot a 1I. puitula 67 colony adde~d it) the PCR mnixture t: It. PC'Z orzanismis per u unsami-pled. Thus. even when the lvsis olii-
itcgdtive control t(reagent oniv)t Cenenv is relatively hwie. minor members: or rthe community may

remain intact and. consequently, their DNA may escape
detection. Althouelh there is no clear soluition ito this dIilemma.
wýe feel that continued strivini! towards rthe combination ill

extrapolatinez to the behavior or indicenIOUS Lcell 7. .22.3'1 1. unbiased venomec samnpling and enhanced sensitivitv atlorded
Sitmilarly. fin this StudyI. x jahle counts of Bacillu~s enidospores by PCR may partially nitigate sttch dteciction limit prohlems.N
and natrive sedtment bacterta werye examined as a means for PCR detection or !cnes native to ,ediment requires that [tic
iesting cell lysi:; procedures. A consistent proportton utI survtv- ratio of targect sequencne be high relative to aceompanivinte
tin, cells 12)(Table 1) shared 1wv the two very different sediment-deive~d miaterials that may inihibit thc denaturation.

microbial assemiblaves (ttntal sediment microorganisms and annealina. :ind DNA svnlthesrsstes ot 'CR 129. 32. 33). 1In
Baocillusv crndospores) provided initial encouravement that this regard, Optimal sensiltivitV for amiplifyini! native genes can
DNA released front sediment by head-mill honoverntiation onlyv he achieved b'. Separating thll DJNA from inhibitonry
would be complettely represcnrarivc of the sediment microbial Substances. Recently. Abbaszadcuan ci al. ( 1) have shown that

~vimbI~ummiiZ 11oeer h total vibl ountr dcrivedl t-rm thL Sephadex C,- l00i and Chlclx 1W It rvo;sins i:etsxifIIv removed
sediment represented only 01.31- (prclysis) (Table I ) and 0.07'r I'CR-inhibitorv substances trom groundwater concentrates.
(postlvsis) (Table 2. tootnote t) of the total microscopic count. Perhaps ironically, nontaraer DNA itself has also recently been
This total microscopic count nccessarilv included unknown shoiwni to mask the PCR amplificationi of target sequences in
proportions of nonviable but intact :cels aind both cultured and tow abundance (29). This study has contirmod that purification
uncultured viable cells. Thus. ain astonishingly larg' e compo- of DNA extracts is required for siuccessftul PCR amplification
nern of the sediment microbial commnunity Studied here was of indieenous genes (nah/R). But c\ en in such purportedly pure
characterized only according to microscopically discernible DNA preparations, lack of amplihicattoti in urndiluted DNA
traits such as cell size atid morpholoev (Tatble 2). The SDS. extract (Fig. 3) Suggested that inhibitory substances still re-
bead-mill homioeenization treatment disrupted indiecenous inamned in the nixture. The need to diltite DNA extracts prior
cell~s iii a biased manner by leavine the smallest size I traction to PCR ampltiicarion has been reported earlier for electro-

.2to 11.3 unm longj Ijablc 2: Fig. 21 intact. Utntil this resistant phorette purimficatio.n of DNA extracted f rom environmental
portion ol the sediment microbiul consmur~iiv call be lyscd samiples (T. 22133). and it is the simultaneous dilution of rthe
(perhaps I1w usinit smaller beads and additional chemical lytie larger sequence that may tultimnately linmit the sensitivity of the
aieentsl. the Ideal of accessing all of thle indigenous cencs will Method.
b~e thwarted. Furthermore, it is clearly unwise to use added Scale and its equivalent. sample size, arc other issues ito he
indicator microorgatnisms. or even viable indigenous cells as a considered in performing arid interpreting experiments uxam-
basis for draxyin Inferences aibout fihe susceptibility of the niniii molecular characteristics of ttatttrally occurrinit microbial
uincultured microbial community to cell lysis procedure,;. Communities. The small-scale ((1.5 0) proc:essing of sediment

Despite the fact that SDS. beadt-mill homogenization failed reported here substantially diminished tie logistical and time
to disrupt small cells native to the sediment. it is appropriati- to constraints on DNA extraction. Butitfacile processing ot smrall
tise thec data presented her(- to estimate total sediment DNA samnples raises questions about howy accurately such small
and the overall efficiency of the extraction procedure. If we samples represent microbial communities ats theyv occur InI thle
presunme that prokarvre's were the predominant rescivoir of landscape. Not enough is known about the ehernircal. physical.
sediment DNA and that e.ach oft the 3.8 Il10" prokarvotic aind microbiological spatial lietcrtgeneity or soils (21') amid
cells -g (dry weight) of sediment 'contained a single station- sediments to allow data from 0J.5-v. -,amiples; to lie the basis for
arv-phase itenonre weighinI2 3 -I 10 L (based on data for extrapolation to larg~er (i.e.. kilogram) or very large (i.e..
Eschenichia co/t 1381). then I g, tdrv weight) of the sediment landscape) scales. Moreover. the ampliliahility of genes
contained 19 jIg of DNA. This value agrees reasonably well present in 0).5-v samples undoubtedly reflects the variable
with the total sedliment DNA estimated by Ogramn et al. (21)) spatial distribution oi both the target l)NA sequence andc
(27 jIge - g dry weight - ') and with the ranges of total soil DNA sedliment-dlerived substances that inhibit PCRZ (see the discus-
(201 to 50 jI.g g dry weight ' ) reported byv Picard et al. (22). sion above). Because these determinants for stuccessful gene
Sclenska and Kling :inuller (26). and Steffan et al. (28). Factors amplification may vary independently, interpretinig the results
contributitie to variability in total DNA estimates include those of such assays may prove challenging.
imposed liv different extraction methodoloucis. as well ats Reeentlv. Erb and Wapner (7) tised DNA extraction and
microbiological idiosyncrasies of particular samples stemming PCR amplification techniques to obtaini a polychilorinated
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